A widely used method for non-contact electromagnetic characterization o f materials is based on the measurement of an 'insertion transfer function'. This function is related to the complex dielectric constant of the material through a transcendental equation which can be solved numerically using a two-dimensional root search technique. Solving this complex equation is often time consuming due to slow convergence and the existence of spurious solutions. In this article, a new formulation is presented which facilitates the evaluation of complex dielectric constant of low-loss materials by means of real equations, thus requiring only one-dimensional root search techniques. A wooden slab is characterized using the new formulation. The results for loss tangent and dielectric constant are in excellent agreement with those obtained from the complex equation.
I.
Introduction Electromagnetic characterization o f b uilding materials i s essential t o s tudying o f wave propagation in indoor environments. Various techniques have been developed for the characterization of materials, each with its unique capabilities and advantages. Here, attention is focused on a characterization method based on the measurement of an insertion trunsfirfunction using radiated fields. This method is particularly useful for accurate characterization of construction materials needed for ultra-wideband indoor propagation studies. The complex dielectric constant of the material under test can be extracted from the measured insertion transfer function [l].
From the analysis of a plane-wave normally incident upon a one-dimensional slab material, an expression for the insertion transfer function can be derived. This expression, in addition to the insertion transfer function, includes the complex dielectric constant of the material under test, the slab thickness, and the frequency of operation. With the insertion transfer function obtained by measurements and the slab thickness known, the expression is in fact a complex transcendental equation which can be solved for the complex dielectric constant of the material at a given frequency [Z].
Solving a complex equation requires a two-dimensional root search which is often t i m e consuming. For most materials of interest losses are small, yet a two-dimensional root search technique has been used to calculate their complex dielectric constants. In this article, a new formulation is presented for the evaluation of complex dielectric constant of materials with relatively small losses. In this formulation, only real equations are solved using one-dimensional root search techniques, thus reducing the computation time significantly.
II.

Measurement of Insertion Transfer Function
The insertion transfer function is obtained through two measurements as sbown schematically in Figure 1 . The measurements may be performed in either the time domain using short duration pulses, or in the frequency domain using sinusoidal signals. The measurement procedure is as follows: the transmitter and receiver antennas are kept at fixed locations and aligned for maximum reception. The material to be measured is placed at nearly the mid-point between the two antennas. The distance between the antennas should be sufficiently large such that the material under test is in the far field of each antenna. With this arrangement, the electromagnetic field incident on the material is essentially a plane wave. The material is assumed to be in the form of a slab with thickness d and held in position such that the plane wave is normally incident on it, as shown in Fig. 1 . After the measurement system is set up, fust we 0-7803-7846-6/03/$I7.00 02003 IEEEmeasure the time-domain signal vp(r)with a sampling oscilloscope or the frequency-domain signal p(im) with a network analyzer in the absence of the material. Then, we measure the timedomain signal v,(r) or the tiequency-domain signal V,(icu) with the material layer in place. The insertion Iransfer function is then calculated as where m+nfis the angular frequency and fast Fourit% Iransform (FFT) is used to convert the sampled signal to the hquency domain data. Care must be taken to ensure that the conditions for the free-space measurement are as closely identical is possible to those for the measurement through the material slab. In.
Evaluation of Complex Dielectric Constant
In order to determine the complex dielectric constant from the measured insertion transfer function, an expression for HGa) is needed. To calculate HGa) let us assume that an x-polarized uniform plane-wave, representing the local far-field of the transmitter antenna is normally incedent on a slab of material having a thickness d. The material has an unknown complex dielectric constant E, = E; -j E : . The incident plane-wave, as depicted in Figure 1 , establishes a reflected wave in region I (air), a set of forward and backward traveling waves in region Il (material), and a transmitted wave in region 111 (air). Imposing the boundary conditions for the electric and the magnetic fields at the slab-air interfaces, the transmission coefficient c m be calculated in a straightforward manner. The result is
The insertion hansfer function is related to the transmission coefficient through T@" = HGcu) Thus 
(3)
It should be noted that the transmission coefficient T is equivalent to S,, in the scattering parameters terminology. Once the complex insertion transfer function HUa) is determined by measurements, equation (3) can be solved for the complex dielectric constant E, = 6; -jc: . In terms of the scattering parameter S,, , the parameter that is directly measured, (3) can be easily cast into the following form [ 
a,
V
Measurement Results
Measurements were carried out for a sample wooden door representing the slab. Two wideband TEM hom antennas were used. For the sample door, the timedomain and 6equency-domain results for the insertion transfer fuaction were essentially the same.
The results for the real part of relative permittivity and the loss tangent obtained fiom the complex equation (4) and the real equations (13) and (14) are compared in Figures 2a and 2b . It is noted that the results 6om the two solutions are nearly identical, primarily because the door material is low loss. from the exact two-dimensional search and 60m the new onedimensional formulation.
